Data on body weights at 3 weeks (WK3) and 6 weeks (WK6) and postweaning gain from 3 to 6 weeks (GAIN) were analyzed in eight populations of mice to estimate the differences between populations in average direct genetic effects (ADG), average maternal genetic effects (AMG) and direct heterotic effects (DH). The effects of population, sex, group size and interactions were examined. Females were caged singly or in groups of four. Populations studied were M16, selected for GAIN, H6, selected for WK6, their respective base population controls (ICR and C2) and WK6 were significant in F l crosses between the control and F~ crosses between the selected populations, accounting for about 5% of the midparent value. Sex and population • sex interactions were significant for the three traits, although the differences for WK3 were small. Males tended to show greater heterosis than females. Group size and population x group size interactions were significant for WK6 and GAIN. Females caged in groups of four had higher WK6 than singly caged mice.
INTRODUCTION
There have been numerous selection experiments with mice where the selection criterion was weight at a fixed age or gain in a fixed age interval. Literature on this topic was reviewed by Roberts (1965) and Eisen (1974) . It follows from both reviews that additive and non-additive genetic effects account for a considerable amount of the phenotypic variance in body weight and gain. As genetic correlations are high between body weight at a fixed age and growth rate in an immediately preceding period (Eisen, 1974) , selection for weight at a fixed age, e.g., 6 weeks, is expected to give similar results to selection for 3-to 6-week postweaning gain. However, the two selection criteria are different in that selection for postweaning gain is less likely to be influenced by maternal effects (Rahnefeld et al., 1963) . 1145 JOURNAL OF ANIMAL SCIENCE, Vol. 43, No. 6 (1976) In the Mouse Genetics Laboratory at North Carolina State University at Raleigh, lines have been selected for postweaning gain or for 6-week body weight over a large number of generations. Comparisons of direct and correlated selection responses between these lines are of interest, but require careful evaluation, as these selected lines originated from different genetic backgrounds. Thus, comparisons of correlated responses to selection between lines should take into account mean differences in their respective base populations. In addition, heterosis in I,'~ crosses between the selected lines must be evaluated in relation to the heterosis in F I crosses between the controls. The present experiment was designed to study average direct genetic, average maternal genetic and direct heterotic effects (Dickerson, 1969) in 3-and 6-week body weights and postweaning gain from 3 to 6 weeks. As females were caged either singly or in groups of four, the group size effect and group size x population interaction effect on body weight were investigated. Information concerning the group size x population interaction is of importance since mice are caged singly when individual feed intake data are collected, whereas they are typically caged in groups when selection for growth rate is practiced.
MATERIALS AND METHODS
Genetic" Stocks. The eight mouse populations studied in this experiment were from contemporary matings in: a) Generation 37 of a randombred control line (ICR) originating from the stock supplied by the Institute of Cancer Research, Philadelphia, PA. b) Generation 36 of a line selected for rapid postweaning gain from 3 to 6 weeks of age. This line is referred to as M16 and was initiated from the ICR line. Direct and correlated responses to selection in this line were reported previously by Eisen (1969, 1970) , , and Eisen et al. (1973) . c) Generation 43 of an unselected control, designated as C~, which was originally derived by crossing two F l stocks (CAFI, AKD2F l) from the Jackson Laboratory, Bar Harbor, MA. d) Generation 73 of a line selected for large 6-week body weight (H6), which was derived from a randomly mated line initiated in the same manner as C2 (Legates, 1969) . Results from selection experiments using the H6 line have been described by Lang and Legates (1969) , Eisen et al. (1969) and Legates (1969) . Both populations were assumed to have plateaued at the time the present study was initiated, e) The four I:1 crossbred progeny populations formed from the above lines were designated as C2 • ICR, ICR • C2,116 • M16andM16• 116 . The line of sire is always indicated first in these symbols.
Mice in each of these eight populations were produced by pair-mating 25 males and 25 females. The parents of the same line used to produce purebred and crossbred offspring did not differ in 6-week body weight. At birth, litters were standardized to eight young, consisting of six females and two males, whenever possible. The mice were weaned at 21 days of age.
In each population, about 30 females were sampled at weaning. Mice were chosen at random within litters, with all litters being represented. The mice were caged individually and body weight and feed intake were recorded to the nearest .1 g at weekly intervals between 3 and 8 weeks of age. Data on feed intake and feed efficiency will be reported [n a subsequent paper. All other males and females were caged in groups of four of the same sex and line. Body weights of these mice were recorded at 3 and 6 weeks of age.
Statistical Techniques. Data on body weights at 3 weeks (WK3) and 6 weeks (WK6) and gain from 3 to 6 weeks (GAIN) of mice caged in groups were analyzed using the following model:
where Yijk2 = an observation on the ~th mouse in the ijk th subclass, /a = overall mean, a i = effect of ith population (i = 1 ..... 8), bj(i) = effect of jth litter within ith population, Sk = effect of kth sex (k = 1,2), (as)ik and (bS)jk(i) are respective interaction effects, and e2(ijk) = random error. The effects /a, ai, s k and (as)ik were assumed to be fixed, while bj(i), (bS)jk(i) and e~(ijk) were assumed to be random with means zero and variances o~, Ogs and 02. To determine the level of statistical significance, the mean square due to populations (MSa) was tested against MSb; MSb and MSbs were tested against MSe; and MS s and MSas were tested against MSbs. As subclass numbers were unequal, a least-squares procedure (Harvey, 1960) was utilized.
Least-squares means were calculated for population, sex and population-sex subclasses. A Dickerson (1969) is presented in table 1. In the genetic interpretation of these contrasts, it was assumed that sex-linked, cytoplasmic, paternal and grandmaternal effects were inconsequential. Each parental population effect (PE) consists of an average direct genetic effect (ADG) and an average maternal genetic effect (AMG). An additional effect in the Ft crossbred populations is due to direct heterosis (DH).
The linear contrasts were defined as follows:
and H6, which is assumed to be the sum of the selected population differences in average maternal genetic effects (contrast 7) plus average direct genetic effects (contrast 10), 4. PE (ICR-C2) = difference between ICR and C2, which is assumed to be the sum of the control population differences in average maternal genetic effects (contrast 6) plus average direct genetic effects (contrast 9), 5. (1-2) = difference in selection response between M16 and H6, which is assumed to be the sum of the selection response difference attributed to average maternal genetic effects (contrast 8) plus average direct genetic effects (contrast 11), 6. AMG (ICR-C2) = difference in average maternal genetic effects between ICR and C:z, 7. AMG (M16-H6) = difference in average maternal genetic effects between M16 and H6, 8. (7-6) = difference in selection response between the selected populations due to average maternal genetic effects, 9. ADG (ICR-C2) = difference in average direct genetic effects between ICR and C2, 10. ADG (M16-H6) = difference in average direct genetic effects between M16 and H6, 11. (10-9) = difference in selection response between the selected populations due to average direct genetic effects, 12. DH (control) = direct heterosis in FI crosses of the controls, 13. DH (selected) = direct heterosis in F1 crosses of the selected populations, 14. (13-12) = difference between direct heterosis in F1 crosses of the selected and control populations.
Additional contrasts involving sex and the interactions of sex x population were partitioned. A group of contrasts which were mutually orthogonal were tested with Student's t-test, while those contrasts not mutually orthogonal were tested with Bonferroni's test (Kirk, 1968) . In view of the many non-orthogonal comparisons conducted, it was felt that the latter test would preserve the Type I error rate. The data on WK3, WK6 and GAIN of females caged individually and in groups were used to investigate the group size effect on these traits. These data were also analyzed by least-squares procedures using the same model as indicated previously, but substituting a group size effect for the sex effect. As litter X group size interactions were not significant for WK3 and WK6, this term was pooled with the error mean square in order to test the significance of group size and group size x population effects. Preliminary tests indicated that population contrasts in these data were similar to the population contrasts estimated from group-caged mice. Hence, attention will be given to the group size and group size x population interaction contrasts.
RESULTS
Population, litter and sex effects were highly significant for WK3, WK6 and GAIN (table 2) . Also, the population • sex interaction effects for WK6 and GAIN were significant. Table 3 gives the least-squares population means for mice caged in groups of four, averaged over sex and litter. Linear contrasts among population means and their level of statistical significance are presented in table 4. Direct and correlated selection responses in M16 and H 6 (contrasts 1 and 2) were positive (P<.01). Part of the significant differences in these traits between M16 and H 6 (contrast 3) was explained by initial differences (P<.01) between their respective base populations (contrast 4). Contrast 5 shows that selection response for WK6 and 9 GAIN was greater (P<.01) in M16 than in H6, while it was not significantly different for WK3. This selection response difference between the M16 and H 6 populations was partitioned into response differences due to ADG (contrast 11) and AMG (contrast 8). ADG were by far the major factors responsible for the selection response difference between the selected lines. AMG did not account for any significant selection response differences between M16 and H6, although H 6 was slightly greater than M16. The contrasts (6, 7) of reciprocal F 1 crosses provide an estimate of the difference in AMG between the populations. The differences in AMG between the C2 and ICR populations (contrast 6) were significant for WK3 and WK6, but not for GAIN. AMG were not significantly different between M16 and t-I 6 (contrast 7). ADG (contrast 9) for WK6 and GAIN were larger (P<.01) in the ICR population than in C2. ADG differences between M16 and H 6 (contrast 10) were highly significant for all three traits.
Positive DH in F~ crosses of the controls and FI crosses of the selected populations was significant for WK3 and WK6, but not for GAIN (contrasts 12, 13) . Differences in DH between the Fi crosses of the selected populations and FI crosses of the controls were not significant (contrast 14).
The influence of sex differences was examined by calculating sex contrasts and the sex x population interaction contrasts. These contrasts are presented in table 4 and are illustrated in figure 1 for WK6 and GAIN. Males were significantly larger than females for WK3, WK6 and GAIN, although the difference was small for WK3.
Differences in WK3 between M16 and ICR were larger (P<.01) in females than in males. Population x sex interactions were highly significant for WK6 and GAIN in the contrast of M16 minus H 6 and for WK3, WK6 and GAIN in the contrast of ICR minus C2. All of these interactions showed a larger difference for males. Almost all interactions of sex • average maternal genetic effects and sex x average direct genetic effects were not significant. llowever, for WK6 and GAIN, sex x average direct genetic effects contributed significantly to the M16 minus H 6 contrast. For WK3, WK6 and GAIN, direct heterosis • sex interactions were not significant in the controls but were significant in the selected populations in favor of males. These interactions were still significant for WK6 and GAIN after adjusting the direct heterosis • sex interactions in the selected populations for those in the controls. The effect of group vs individual caging of females is presented in table 5 and figure 2. The overall group size and group size • population interaction contrasts for WK3 were not significant, as expected. However, for WK6 and GAIN, mice caged in groups were heavier (P<.01), although the differences were less than 1 gram. As seen in figure 2, M16 and C2 • ICR showed the largest difference in means in both cage environments. M16 mice were 3.5 g greater in GAIN when caged in groups than when caged singly. Cz x ICR mice showed the opposite effect. These population • group size interactions were reflected in the interaction of group size • population contrasts (table 5). The contrast PE (M16-ICR) showed a highly significant group size interaction for WK6 and GAIN, as did the contrast PE (M16-H6). The interaction of group size and adjusted differences between M16 and He was significant for WK6 only. As C2 • ICR was involved in the contrast of average maternal genetic effects between ICR and C2, this interaction was also significant. The only other significant interactions were group size • average direct genetic differences between M16 and H 6 and group size • direct heterosis in the selected populations for GAIN.
Discussion
Both selection for 6-week body weight in H 6 and for postweaning gain in M16 have resulted in marked increases in WK3, WK6 and GAIN (table 4) . Despite the greater number of generations of selection in H 6 than in M16, direct and correlated responses were substantially larger in M16. Since the mean 6-week body weight was much smaller in the base population of H 6 than inbred lines has an expected genetic variance less than the genetic variance in the hypothetical randombred population. Legates (1969) reported a realized heritability of .13 during the first 15 generations of selection in H 6 and little selection response thereafter, in contrast, realized heritability in M16 was .35 during the first 14 generations of selection , and response decreased in subsequent generations (Eisen, 1975) . It should be pointed out that the present divergence of H 6 from its control is greater for both WK6 and GAIN than that reported earlier by Legates (1969) .
It is not likely that inbreeding depression contributed appreciably to the differential response since the degree of heterosis for WK6 and GAIN was no greater in the F~ cross between the selected populations than in the F~ cross between the controls. Random genetic drift could only have contributed a small bias to the comparison between selected populations, considering the relatively large effective population sizes utilized (Legates, 1969; . However, the effects of drift could not be measured in the present study because replicate selected lines were not available. In a previous study, two replicates of M16 showed similar realized heritabilities and responses (Eisen, 1975) . Table 6 summarizes the differences between the selected populations and between the controls for WK3, WK6 and GAIN. All differences are expressed as percentages of the parental population means. The average maternal genetic and average direct genetic portions of the differences are presented, together with direct heterosis effects in FI crosses between the controls and between selected populations.
At 3 weeks of age, a large part (82%) of the percentage difference in body weight between ICR and Cz was determined by average maternal genetic effects. However, average direct genetic effects accounted for 73% of the percentage difference in WK6 and almost all of the difference for GAIN. With regard to the selected populations, average maternal genetic effects were extremely small.
After adjusting for differences in average maternal genetic effects of the controls, the average maternal genetic effects of M16 were less than He. This agrees with results from a crossfostering experiment involving M16 and H6 (Nagai et al., 1976) . White et al. (1968 White et al. ( , 1970 reported a lower maternal performance in I-I 6 than C2. Eisen (1975) and Johnson and Eisen (1975) compared reciprocal crosses of M16 and ICR. In both cases, ICR showed a slightly better maternal performance, although the difference did not reach statistical significance. The maternal superiority of the controls relative to their respective selected lines was recently confirmed in a crossfostering study (Nagai et al., 1976) . Since Young and Legates (1965) found small, but consistently positive, genetic correlations between postnatal performance and preweaning and early postweaning gain, the lower maternal performance of 116 compared to C2 was attributed to inbree'ding depression (White et al., 1968) . However, the genetic correlation between direct and maternal genetic effects in ICR, derived from the results of , were -.70, -.55 and -.56 for WK3, WK6 and GAIN, which would tend to yield a decline in maternal performance with selection for GAIN. The results in the present study are consistent with a negative correlation between direct and maternal genetic effects.
Another argument concerning the correlated response in maternal performance was made by Falconer (1955) . lie assumed that maternal performance has two components, one related to anatomical development and the other to physiological efficiency. Assuming that larger mice have larger mammary glands, the anatomical component should be increased in 1t 6 and MI6. The physiological component, not being directly related to size, might have been decreased, especially in M16. Maternal behavior is another component whose genetic base has not been explored to any extent.
Heterosis for WK3, WK6 and GAIN was consistently in the direction of the larger parental line, confirming the finding that directional dominance favors higher body weight in mice (Roberts, 1967) . The 5% direct heterosis for WK3, WK6 and GAIN in crosses of the controls agrees with results reported by Vinson et al. (1969) . Heterosis for body weight in the F 1 of the selected populations was similar to heterosis in the F l of the controls. Previous studies have shown the absence of heterosis for body weight in the cross of M16 and ICR (Eisen, 1975; Johnson and Eisen, 1975) . In contrast, percent heterosis in the cross of H 6 and C2 was about 7% for WK6 (White et al., 1970) . Nagai et al. (1976) , in a crossfostering experiment with the same eight lines, found that heterosis in controls and selected crosses was about the same at 6 weeks. At 3 weeks direct heterosis was higher in the selected crosses. Percent heterosis may be increased with selection in both lines, but as the favorable alleles in each line approach fixation, percent heterosis may decrease. In this context, McNew and Bell (1974) found that percent heterosis for larval weight in the cross of two purebred selected lines of Tribolium increased through 24 generations of selection, but decreased toward base population estimates in subsequent generations.
Heterosis for 6-week body weight in the cross of the selected lines (4.1%) was considerably less than the heterosis in six crosses (range of 7.6 to 15.7%; mean of 12.1%) among four highly selected lines of mice (Roberts, 1967) . A distinguishing feature in the present study was that although the two selected lines had essentially plateaued, they still differed by 11.7 g in 6-week body weight. The paired selected lines in Roberts' study had a mean difference of only 2.7 g with a range of 1.7 to 4.7 grams. Clearly, there is a marked genetic divergence between H 6 and M16 in terms of the alleles they possess that influence body weight. Moll et al. (1965) reported that heterosis for yield increased with increased genetic divergence of maize within a restricted range of divergence, but extremely divergent crosses decreased in heterosis. A degree of genetic incompatibility among extremely divergent populations seems unlikely here. Nevertheless, the problem deserves further inquiry in light of the great deal of crossbreeding conducted with livestock. Sex contrasts were highly significant for all traits but were relatively small for WK3. Significant sex by population interaction contrasts were occasionally found, particularly when populations of different genetic background (M16-H6 and ICR-C2) were involved. also reported genetic variability in sexual dimorphism. However, the population x sex interactions were of relatively minor importance (figure 1). In general the lack of parallelism is small and a slight change in ranking occurs in one case. Sex x direct heterosis interactions were significant for the selected populations and also after adjusting for sex-heterosis in the control lines, except for WK3. In all cases males showed a greater heterosis than females. These results agree with those of White et al. (1970) .
That mice caged in groups tended to be heavier than single-caged mice agrees with the results found by Barkema (1961) , who used a number of inbred and randombred lines. Daily handling of the single-caged females to check for vaginal opening and estrus as part of a related study might have influenced the cage and interaction effects in this experiment. The magnitude of this handling effect is not known. Porter and Festing (1969) observed an increase in weekly growth rate from birth to weaning of .4 g and a decrease of .4 g weekly in the next 3 weeks by daily handling of the mice. However, Chantry (1964) found that weaning weight of mice was .5 g less after being handled twice daily from birth to weaning compared to a corresponding group that was not handled. Cowley and Widdowson (1965) reported no significant effect of daily handling on weaning weight of rats. Significant group size x population interactions were mainly caused by higher WK6 and GAIN of M16 in the group-caged mice and of C2 x ICR in the single-caged mice. Collection of data on physiological and behavioral aspects of mice in each of the systems should clarify the cause of this interaction. When mice are caged singly for feed intake observations, this interaction may have an important bearing on the interpretation of results as far as growth, feed intake and caloric efficiency are concerned.
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